Human flap endonuclease-1 (hFEN-1) is highly homologous to human XPG, Saccharomyces cerevisiae RAD2 and S.cerevisiae RTH1 and shares structural and functional similarity with viral exonucleases such as T4 RNase H, T5 exonuclease and prokaryotic DNA polymerase 5′ nucleases. Sequence alignment of 18 structure-specific nucleases revealed two conserved nuclease domains with seven conserved carboxyl residues and one positively charged residue. In a previous report, we showed that removal of the side chain of each individual acidic residue results in complete loss of flap endonuclease activity. Here we report a detailed analysis of substrate cleavage and binding of these mutant enzymes as well as of an additional site-directed mutation of a conserved acidic residue (E160). We found that the active mutant (R103A) has substrate binding and cleavage activity indistinguishable from the wild type enzyme. Of the inactive mutants, one (D181A) has substrate binding properties comparable to the wild type, while three others (D34A, D86A and E160A) bind with lower apparent affinity (2-, 9-and 18-fold reduced, respectively). The other mutants (D158A, D179A and D233A) have no detectable binding activity. We interpret the structural implications of these findings using the crystal structures of related enzymes with the flap endonuclease activity and propose that there are two metal ions (Mg 2+ or Mn 2+ ) in hFEN enzyme. These two metal coordinated active sites are distinguishable but interrelated. One metal site is directly involved in nucleophile attack to the substrate phosphodiester bonds while the other may stabilize the structure for the DNA substrate binding. These two sites may be relatively close since some of carboxyl residues can serve as ligands for both sites.
INTRODUCTION
A structure-specific flap endonuclease-1 (FEN-1) activity in mammalian cells was first identified by Harrington and Lieber (1) . Once the mouse FEN-1 cDNA, deduced amino acid sequence and specific biochemical activities were available, mammalian enzymes purified from murine cells (2) , human cells (3) (4) (5) (6) and calf thymus (7) have been re-identified as the same enzyme as FEN-1. The 42 kDa enzyme has been demonstrated to have two activities: (i) a flap endonuclease (1, 8, 9) and (ii) a nick-specific 5′→3′ exonuclease (1, 4, 10, 11) . The enzyme specifically recognizes a 5′ DNA flap structure, which has been proposed to exist in replication, repair and recombination. It slides through the 5′ free arm (12) and then removes the unannealed region as an intact segment via a single endonucleolytic cleavage. The calf FEN-1 5′→3′ exonuclease cooperatively functions with calf DNA polymerase to perform nick translation (7) . FEN-1 has also been shown to be a necessary component in DNA replication. It removes the last base of RNA primer attached to an Okazaki fragment after RNase H action in the SV40 in vitro replication system (4) .
Genetic studies showed that deleting FEN-1 homologues in the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe resulted in a marked sensitivity to the alkylating reagent methylmethane sulfonate (MMS), modest UV sensitivity and chromosome instability (5, (13) (14) (15) . These data imply that the protein is involved in fundamental processes such as DNA replication, repair and recombination. The FEN-1 gene is required for the stability of the simple repetitive DNA in the yeast system. A FEN-1 null mutation was shown to increase the mutation rate of simple repetitive DNA by as much as 280 times and to increase the spontaneous mutation rate 30-fold (15) . More recently, it has been shown in the yeast S.cerevisiae that the majority of the resulting mutations have a structure in which sequences ranging from 5 to 108 bp flanked by direct repeats of 3-12 bp are duplicated. Epistasis analysis indicates that FEN-1 does not play a major role in MSH2-dependent mismatch repair, but it can contribute to regional duplication in the genome, which in turn can lead to genomic instability (16) .
Human FEN-1 is highly homologous to human XPG, S.cerevisiae RAD2 and S.cerevisiae RTH1 and shares structural and functional similarity with viral exonucleases such as T4 RNase H and T5 exonuclease and prokaryotic DNA polymerase 5′ nucleases. Previously, we identified several critical residues in flap substrate catalysis or binding (17) . In this report, we further characterize site-directed mutants using a kinetic approach based on flow cytometry (18) . We estimated the binding affinities of catalyticallydeficient mutants (D34A, D86A, E160A and D181A) and confirmed that removal of conserved arginine 103 did not affect either substrate binding or catalysis. In addition, we have identified *To whom correspondence should be addressed. Tel: +1 505 667 5701; Fax: +1 505 665 3024; Email: park@telomere.lanl.gov and characterized another acidic amino acid residue (E160) involved in Mg 2+ coordination. We interpret the structural implications of these findings using the crystal structures of related enzymes with the flap endonuclease activity and propose that there are two metal ions (Mg 2+ or Mn 2+ ) in hFEN enzyme with distinguishable functions.
MATERIALS AND METHODS

Materials
Wild type recombinant human flap endonuclease was purified as described previously (18) . All biological and chemical reagents were obtained from vendors listed previously (17) .
Sequence alignment and molecular superimposition
All sequence comparison and alignments were performed with DNAStar software (DNAStar, Inc., Madison, WI), and all necessary DNA sequences were retrieved from GenBank. Molecular modeling was carried out in Mark Sherman's laboratory at the City of Hope Cancer Center core facility using the T4 RNase H and T5 exonuclease-1 coordinates available in the Brookhaven data bank (Brookhaven file 1TFR; 19, 20) . The crystallographic coordinates were visualized on an Indigo High Impact workstation (Silicon Graphics) running commercially available software (Insight II, Biosym Technologies).
Site-directed mutagenesis, protein expression and purification
We removed all seven residues listed in Table 1 by site-directed mutagenesis. In addition, R103 is another conserved amino acid residue in these 18 nucleases. It is replaced by a lysine in the lower organisms. Alanine has been chosen to replace all of the desired mutation because it eliminates the functional group while retaining the space-filling properties of the original residues. Mutant enzyme expression and purification were carried out according to the protocol described previously (17) unless otherwise indicated.
Kinetic analysis
For active enzymes, nuclease cleavage kinetics was measured as described previously (18) using a Becton Dickenson FACSCalibur flow cytometer running CellQuest software and a stopped-flow flow cytometer built at the National Flow Cytometry Resource, Las Alamos National Laboratory (21) . Flow cytometry data was processed using IDLYK software (created at Los Alamos National Laboratory). Single turnover Mg 2+ jump kinetics to measure cleavage kinetics and enzyme substrate binding were analyzed by least-square curve fitting in SigmaPlot (Jandel). For inactive enzymes, substrate binding was assessed by competition with wild type enzyme for substrate. The initial reaction velocities were plotted versus mutant protein concentration and the K d for binding estimated by fitting these data to an equation describing binding to a single class of sites.
RESULTS
The critical amino acid residues were identified by sequence alignment with other nucleases in the family of structure-specific nucleases, superimposition of the hFEN-1 protein sequence onto the crystallographic structure of T4 RNase H (18), site-directed mutagenesis and nuclease activity screening.
Sequence alignment and molecular superimposition
We have aligned the hFEN-1 sequence to 17 other structure-specific endo/exonucleases (Fig. 1) . These nucleases include four subfamilies: flap endonucleases (17), XPG nucleases (22) , 5′ nuclease domains of prokaryotic DNA polymerases (23) and viral exonucleases (23) . Six carboxyl amino acid residues were identical among these 18 nucleases. R103 and E160 of hFEN-1 are absolutely conserved in mammalian enzymes. hFEN-1 R103 is replaced by a lysine while E160 is replaced by an aspartate in prokaryotic organisms. We therefore hypothesized that these conserved acidic residues are important for the nuclease activity of hFEN-1.
Based on the known three dimensional structure of T4 RNase H (19) and the primary sequence alignment between these two enzymes, we have superimposed the hFEN-1 sequence onto the 3-D structure of T4 RNase H. Figure 2 shows the region surrounding the enzyme cofactor Mg 2+ s. The conserved acidic residues identified in the sequence alignment are all located very close to the metal ions in the enzyme. They interact directly or indirectly via water molecules with Mg 2+ .
Site-directed mutagenesis and the mutant protein expression and purification
All of the identified conserved amino acid residues including D34, D86, R103, E158, E160, D179, D181 and D233 have been converted to an alanine. The altered DNA sequences have been confirmed in a mutagenesis vector pBluescript and in the overexpression vector pET28b after subcloning. When the site-direct mutagenesis used to explore the role of a particular amino acid residue, a critical question is whether the observed effects are due to the removal of the active side chain or the distortion of the native conformation caused by mutation. This is particularly important when the three dimensional structure of the protein is not available. In our case the precaution has been taken to purify the protein from the soluble fraction under non-denaturing conditions. The soluble part is ∼30% of total expressed protein for the most mutant proteins. Retention of the binding ability of some of the mutants is a good indication of the native conformation of inactive mutants. For one particular mutant (D233A), the solubility of the expressed protein is very low when the cell is grown and induced to express to the mutant protein in LB broth at 37_C (Fig. 3, lanes 2 and 3) . In order to increase the solubility of the protein, a sorbitol medium has been used in this case (24) . The cells were grown in the medium with a high concentration of sorbitol (1 M) at 37_C and then the temperature was shifted to 25_C after induction; then grown for another 3 h before harvest. Under these conditions the solubility of the expressed mutant protein was dramatically improved. The cells provided enough material in the soluble part to be purified (Fig. 3 ).
Flap endonuclease activity screening
Initial screening of flap endonuclease activities of mutants has been reported previously (17) . The removal of conserved acidic amino acid residues including the newly constructed E160A results in complete loss of the flap endonuclease activity except in the case of R103A, which retains the wild type-like enzyme activity. All of the inactive mutants have been subjected to a competition experiment to test their ability to bind to the flap substrate. Four out of seven mutants retained substrate binding ability. Therefore, all of the mutants produced in our studies can be classified into three categories based on their substrate binding and cleavage 
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activities. The first category of mutants has completely lost the flap nuclease activity but retained the substrate binding ability. The mutants of this category are D34A, D86A, E160A and D181A. These residues possibly play a role in substrate catalysis. The second category includes the mutants which have lost both substrate binding and cleavage activity completely (E158A, D179A and D233A). Their activity loss might be due to the deficiency in substrate binding. The last type of mutant has no effect on the flap endonuclease activity (R103A). R103 is a conserved amino acid residue among the 18 nucleases. It has been suggested that the T5 exonuclease counterpart of hFEN-1 R103 (K83) is directly involved in substrate interaction as it is located in the inner side of the arch (20) . Further questions to be answered are: (i) does the conversion of the conserved arginine 103 to alanine have any effect on the overall cleavage and binding kinetics compared to the kinetics of the wild type enzyme?; (ii) do the catalytically-deficient mutants have any deficiency in substrate binding?
Overall kinetics of mutant R103A
As the first step to examine the in vitro functional alteration of the mutant enzyme R103A, we have studied the rate constant for the reaction as a function of the mutant enzyme concentration (Fig. 4) . No significant difference between the mutant R103A and wild type enzymes has been observed. This rate constant is a product of the rate constant for each individual step in the reaction (enzyme binding and dissociation, Mg 2+ binding and dissociation, cleavage and product release). In order to examine the possible functional alteration of this mutant in the single steps, we have performed the following two experiments.
Cleavage kinetics of the mutant R103A
The rate of cleavage increased with increasing enzyme concentration and appeared to approach a saturating rate. At the highest enzyme concentration shown, enzyme is in >1000-fold excess over substrate, and cleavage kinetics likely represents single turnover kinetics, in which each enzyme is able to bind and cleave only a single substrate molecule before all substrate is consumed. When saturating concentrations of R103A FEN-1 enzyme are pre-incubated with the flap DNA substrate in the presence of 1 mM EDTA, addition of excess (10 mM) MgCl 2 induces DNA cleavage with first order kinetics and a half time of ∼7 s, which is very close to that of wild type enzyme (Fig. 5A ).
Equilibrium binding of R103A
When FEN-1 is allowed to pre-bind the flap DNA substrate at saturating concentrations, the Mg 2+ jump kinetics represent a single turnover of FEN-1 flap DNA cleavage. We have used single turnover kinetics to determine the equilibrium binding of FEN-1 to the flap DNA substrate. Because the burst of cleavage upon addition of Mg 2+ is rapid compared to subsequent enzyme turnover, the burst amplitude is a measure of the amount of enzyme-substrate complex formed during that pre-incubation. Presented in Figure 5B is the mutant R103A concentration dependence of the burst size, and thus mutant enzyme-flap DNA complex formation. The size of the cleavage burst increases with increasing R103A FEN-1 enzyme concentration and saturates >20 nM enzyme. A fit of these data to a hyperbolic binding equation reveals a K d for flap DNA binding of 8 nM for this mutant, compared to 7.5 nM for wild type enzyme (18) .
Competition between catalytically-deficient mutant and wild type enzymes
We evaluated the ability of each of the inactive mutant proteins to bind to the flap substrate by measuring the competition of these proteins with wild type enzyme for substrate binding sites. Mutants that are able to bind to the substrate compete with the wild type enzyme for binding sites and slow its cleavage kinetics. For this experiment, the inactive mutant enzymes were preincubated with the substrate at room temperature for 15 min to allow them to bind to the substrate followed by the addition of wild type enzyme and measurement of cleavage. We observed that mutants D34A, D86A, E160A and D181A can inhibit wild type activity while other inactive mutants did not demonstrate any effect in the same conditions. The concentration dependence of cleavage inhibition by different mutants reflects the binding ability of the catalytically inactive mutants (Fig. 6A-D) . The initial rate of cleavage by wild type enzyme was plotted versus mutant protein concentration (Fig. 6E) , and the concentration required for half-maximal inhibition is presented as a measure of the affinity of the mutants for substrate (Table 1) . Also presented in Table 1 are the binding and cleavage parameters for the other mutants and for the wild type enzyme. The other three mutants (E158A, D179A and D233A) did not show any inhibition under the same 
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condition, indicating that they lost binding ability completely. An error on the D179A mutation was introduced during subcloning for overexpression of the mutant protein and reported in our previous paper (17) . We have reconstructed the mutant and confirmed the presence of the mutation in the overexpression construct. The purified mutant protein has a complete loss of substrate binding and catalysis. Figure 6E . c Estimated from half-maximal burst size in Figure 5B . d Estimated from Mg 2+ jump kinetics in Figure 5A . na, not active; nc, did not compete.
DISCUSSION
Among the 18 nucleases considered for sequence comparison, three of them have 3-D structures available: Taq DNA polymerase 5′ nuclease (25) , T4 RNaseH (19) and T5 exonuclease-1 (20) . All three enzymes have flap endonuclease activity. The 5′ nuclease domains of Escherichia coli DNA polymerase I and Taq DNA E Nucleic Acids Research, 1997, Vol. 25, No. 16 3337 polymerase are functional homologues of the human flap endonuclease-1 (26) . The 5′ exo/endonuclease exists as an independent domain from the other two functional domains (3′ exonuclease and DNA polymerase). It is functional after proteolytic removal from the rest of the protein (27) . The crystallographic structure of 5′ nuclease shows that it has a deep cleft that contains at its bottom the conserved carboxylates to ligate divalent metal ions (25) . A central β-sheet lies at the heart of the domain and is flanked on both sides by assemblies of five and six α-helices which form the wall of the active-site cleft. Nine acidic amino acid residues are conserved with other nucleases as listed in Table 2 . Seven of these residues (Asp18, Asp67, Glu117, Asp119, Asp120, Asp142 and Asp144) cluster within a sphere of 7 Å radius around the metal ions. The other structure-specific endonuclease that has crystal structure available is T4 RNase H. It also has highly conserved cluster of acidic residues at the base of the structural cleft. The carboxylate oxygen atoms of conserved acidic residues Asp19, Asp71, Asp132 and Asp155 directly or indirectly coordinate essential metal ion Mg 2+ [1] by forming hydrogen bonds to water molecules. Five other conserved carboxyl residues (E130, D133, D157, D197, D200) coordinate the Mg 2+ [2] through hydrogenbonding to six water molecule ligands (19) . Another viral counterpart of the human FEN-1 is T5 exonuclease, which has the crystal structure available (20) . The 3-D structure has revealed similar information in terms of the active site of the enzyme. The structure specifically revealed that conserved aspartic acid residues D26, D86, D128 and D131 coordinate Mn [1] while the other conserved residues D130, D153, D155, D201 and D204 coordinate Mn [2] (Table 2) . Table 2 lists conserved amino acid residues of the human flap endonuclease-1, their counterparts in the three nucleases with known 3-D structures and their possible roles in Mg 2+ (Mn 2+ ) coordinations. Our mutagenesis data have demonstrated that the removal of the conserved corresponding acidic residues individually in FEN-1 leads to complete loss of the flap endonuclease activity. However, it is still a difficult task to assign the role of individual conserved acidic acid residues in the Mg 2+ coordinations and their physical interacting relationship to an individual metal ion in FEN-1 protein without a 3-D structure. Even in the cases of two viral proteins, the ligands coordinating individual metal ions do not correspond exactly to their physical location in the primary sequences (Table 2 ). However, it seems to be true that two invariable aspartate from the N-terminal domain of the nucleases serve as ligands to the Mg [1] or Mn [1] even though the primary locations of the other two ligands vary. It is also interesting that these two residues (D34, D86) in human FEN-1 retained binding ability in spite of complete loss of activity with the other two residues (E160, D181). We hypothesize that these four amino acid residues may be involved in Mg [1] coordination and are important in DNA catalysis in hFEN-1. In this work, we have demonstrated that the wild type enzyme activity can be inhibited by these mutant proteins in the in vitro flap endonuclease assay. However, their inhibitory abilities or binding affinities are different. The concentration-dependent inhibition of these four mutants (Table 1) indicates that D181A has approximately the same binding ability as wild type, and demonstrates that conversion of aspartate 181 to alanine altered the enzymatic function only in the cleavage step. In the cases of D86A, E160A and D34A, their binding abilities have been decreased by 2-, 9-and 18-fold. Therefore, these three amino acid residues also play a role in substrate binding. Previously, it has been demonstrated that FEN-1 still binds to flap DNA without cutting in the absence of divalent cations (12, 28) .
FEN-1 mutant proteins E158A, D179A and D233A lost substrate binding and catalytic activities completely. We speculate that these amino acid residues are involved in Mg 2+ [2] coordination and have roles in substrate binding. The coordination formed in this case may stabilize the structure for the DNA substrate binding. However, we cannot exclude the possibility that the mutations have caused dramatic conformational change of the enzyme, leading to loss of substrate binding ability. From the structures of homologous proteins, one can see that these residues are clustered around the Mg 2+ in the middle and less accessible to the surface of protein molecule (19) . Removal of these residues would likely cause structural distortion. All three mutants were less soluble and went into an inclusion body when they were overexpressed in the E.coli cells compared with wild type and other mutant proteins. This may indicate a non-natural conformation of the mutant proteins. The soluble fraction of the mutant D233A is too small to be purified under standard conditions and required a special modification of the culture medium and conditions. An error on the D179A mutation was introduced during the subcloning for overexpression of the mutant protein and reported in our previous paper (17) . We have reconstructed the mutant and confirmed the presence of the mutation in the overexpression construct. D179 corresponding to D142 in Taq polymerase and D155 in T4 RNase is more closely located with Mg 2+ [1] . However, our mutagenesis result showed that it is defective in substrate binding. It is possible that the FEN-1 has different arrangement of the catalytic center dependent on where the additional ligands come from. Based on our sequence analysis, only seven conserved acidic amino acid residues in the FEN-1 nuclease were identified corresponding to the ones in Taq polymerase, T4 RNase H and T5 exonuclease ( Fig. 1 and Table 2 ). There are at least two more residues that are not identified in FEN-1 enzyme if the Mg 2+ s are coordinated by nine ligands as in the case of Taq polymerase, T4 RNase H and T5 exonuclease. Other conserved acidic amino acid residues conserved only in FEN-1 and XPG subfamilies could be used as additional Mg 2+ ligands. Moreover, some conserved amino acid residues such as D34, D86 and E160 could be involved in coordinating both magnesium ions. Therefore removal of these can cause deficiency in both substrate binding and catalysis. From molecular modeling, we have also observed there might be more non-carboxyl amino acid residues are involved in the Mg 2+ coordinations (Fig. 2) . A good example is T177. It is conserved throughout the 18 enzymes compared (it is replaced by a serine in some organisms). This residue may interact with D34 according to the T4 RNase structure or directly provide -OH group in coordinating the Mg 2+ cofactor. The role of this conserved residue will be assessed in our future experiments.
All of the conserved acidic amino acid residues are clustered in the N-terminal (N) and intermediate (I) regions of the protein.
This may indicate that they are the conserved nuclease domains. The recently published crystal structure of T5 exonuclease (20) demonstrates that this is the case. It also pointed out that the region between the two conserved domains (N and I) was missing in the structures of Taq polymerase and T4 RNase H. This region connects the two conserved domains and makes a molecular arch three dimensionally. There is a hole in the middle of the molecule, which is only large enough for single-stranded DNA substrate to thread through. This may explain the enzyme specificity to the flap substrate. There are two clusters of positively charged and aromatic amino acid residues in the inner side of this arch. They may directly interact with DNA substrate. One of these amino acid residues is conserved in hFEN-1 enzyme, R103. However, removal of R103 residue surprisingly turned out to have no effect on substrate binding. One possible reason is that R103 is adjacent to a unique R104 in the FEN-1/XPG subfamilies. The function of the R103 could be replaced by R104 in the mutant protein. We will further investigate the roles of this conserved positively charged amino acid residue by a double mutation R103A and R104A.
